INTRODUCTION
Evidence was presented in our previous paper (2) that the order of stimulating effectiveness of aliphatic compounds applied to contact chemoreceptors of the blowfly follows the inverse of water solubilities with fewer contradictions than appear in most of the other comparisons attempted. In view of this promising interpretation it appeared desirable to test the general validity of the correlation by subjecting it to more extensive scrutiny. This end may be achieved in part by ascertaining the threshold values for certain appropriately selected substituted hydrocarbons.
Of especial importance is the fact that different kinds of substitutions into any given carbon skeleton do not alter all properties in the same manner. Taking a saturated chain hydrocarbon as a starting point, one may, without altering appreciably the arrangement of carbon linkages, substitute various kinds of polar groups for one or more of the hydrogen atoms. Whereas all such substitutions raise the molecular weight and the boiling point also, the effect on solubility is variable. Thus, halogenation and nitration decrease solubility in water while amination, carboxylation, or the introduction of oxygen in the form of aldehyde, ketone, or alcohol radicals increases it. In the case of acids and bases, dissociation has a solubilizing effect, while oxygen-containing functional groups of the types listed above owe the solubillzing effect to hydrogen bonding. The different degrees and direction of change which are shown by the various properties following substitutions of this nature contrast markedly with the close correlation of trends of change of all properties in any homologous series.
It is this tendency of all properties to change in a relatively orderly manner within such a series which has imposed severe limitations on attempts to assign to any particular properties a major role in stimulation. From what has been said in the preceding paragraph it is clear that this difficulty may be circumvented to some extent by comparing the stimulating power of corresponding members of different series, as, for example, ethanol, ethanediol, ethanal. We have undertaken in the present study to supplement data reported in earlier papers with threshold determinations of additional compounds which would permit more numerous comparisons of this sort. At the same time we have been interested in analyzing more fully than was possible previously the effect on stimulation of increasing the number of like substitutions from one to two, of the interaction of different types of substituent, and of the position of the substituent in the molecule. We have also taken this opportunity for testing certain groups of compounds in which the variation of some of the properties departs from the orderly sequence characteristic of most homologous series.
The technique of testing the stimulating effect of organic compounds on the tarsal receptors of blowflies and the methods of statistical analysis applied to the data have been described fully in earlier papers (2, 4) . The antennae and labelia were removed from 1 to 3 day old flies which were suspended from rods and offered the test solutions in an ascending order of concentrations in 0.1 ~r sucrose. Contact of the tarsi with an acceptable solution elicited an extension of the proboscis, and the minimum concentration of test substance which would prevent this response was recorded as the threshold for rejection. About 100 flies were tested with each compound, and from the resulting data the most probable value of the median rejection threshold was determined by probit analysis. We wish to express our appreciation to Mrs. M. T. Yost, who determined the values for solubilities and boiling points not previously reported in the literature, and to Mrs. Frieda F. Eisenberg for assistance with the statistical analysis of the data.
KESULTS AND DISCUSSION
In Table I are assembled the statistics which define the response of our stock culture of P/u~rmia regina Meigen to those compounds discussed in this paper for which such information has not been reported previously. The earlier references are given in the bibliography (1) (2) (3) (4) .
To facilitate analysis, the data will be considered under various subheadings as indicated below.
Species of Functional
Group.--Although technical difficulties have prevented the testing of unsubstituted hydrocarbons, it may be deduced from a comparison of ethanol, chloroethane, and 2-chloroethanol that in stimulating power the unsubstituted compounds must occupy a position between alcohols and chlorinated hydrocarbons. This deduction is based on the fact that introduction of a C1 increases the stimulating effect of the alcohol and introduction of an OH decreases the stimulating effect of the chlorinated hydrocarbon. Although no experiments have been performed which would indicate the stimu-lating effect of the unsubstituted compound relative to the aldehyde and ketone, we have reason to suspect from an examination of solubility characteristics that it would be more stimulating than either. Thus the order of stimulating efficiency (reciprocal of rejection threshold) of the functional groups which have been studied (data from Table I and earlier papers) is: Br > C1 ? CH~ ? CHO > C~O > OH. Acids and amines are excluded from this and following comparisons because both are more stimulating than is to be expected solely on the basis of chain length, solubility, etc. This accentuation of stimulating power has been attributed to the presence of hydrogen ions and hydroxyl ions respectively (1).
Number of Functional
Groups.--As has been noted in our study of the glycols (4), there is a consistent decrease in stimulating effect following the introduction of a second hydroxyl group. This phenomenon is seen again when diethyl ether, cellosolve, and diethylene glycol are compared (Table II a). A comparison of the data obtained for diones with those for ketones (2) suggests that the introduction of the second C~---O has little additional effect. 2,3-butanedione and 2-butanone are not significantly different in stimulating power, and 2,4-pentanedione is equally as stimulating as 2-pentanone and 3-pentanone. In contrast with both the preceding series, with halogenated compounds intro-, duction of a second halogen generally is followed by a decrease in threshold (Table IIb and c) .
Of all chemical properties examined the inverse of water solubility alone follows consistently the foregoing changes. It is to be noted that the introduction of a second OH increases the molecular weight, boiling point, and water solubility; the second C~-----O also increases the molecular weight and boiling point, but has little effect on water solubility; the introduction of a second halogen differs from the foregoing by decreasing water solubility in the compounds studied.
Interaction of Different Functional C-roups.--If this idea of the importance
of solubility is sound, it follows that the introduction of two different species of functional groups, one of which tends to increase water solubility and the other to decrease it, should tend to counterbalance each other. This is exactly what is found with the chloro-and bromohydrins. Both in regard to solubility and threshold they are intermediate between the corresponding alcohols and alkyl halides (see Table I and reference 4).
Position of Functional
Groups.--There is now abundant evidence to the effect ~at the position of the functional group on the molecule is of great importance as far as stimulation is concerned. Examples from tests with several short chain compounds may be cited. A comparison of normal alcohois with secondary alcohols (2), 1,2-propanediol with 1,3-propanediol (4), propylene hydrins with trimethylene hydrins (Table IIb and c) , and aldehydes with ketones (2) shows quite clearly that a single oxygen-containing functional group on the end of the molecule or two of these groups which are terminal reduces the stimulating effect less than when one or more of such groups are subterminal or located elsewhere within the molecule.
An attempt to study position effect in greater detail by moving a single OH progressively closer to the center of the molecule did not yield results entirely amenable to interpretation. The most complete series studied included six pentanol isomers. As seen from Table IId the differences in threshold between 2-pentanol, 3-pentanol, and 1-propanol, 2,2-dimethyl are not significant nor do 1 -pentanol and 2-butanol, 3-methyl differ. However, the difference in threshold between 1-pentanol and 2-pentanol suggests that movement of the OH toward the center of short chain molecules tends to increase the threshold.
Effect of Position on Interactions between Functional Groups.--In the case
of halogen substitutions, which on the whole tend to increase stimulating effect, such an atom in the 2 position of a three carbon molecule would enhance stimulation less than one at the end, and two at positions 1 and 2 less than two at 1 and 3. However, a comparison of the threshold values of 2-propanol,l,3-dibromo and 1-propanol,2,3-dibromo shows little difference. This may be ex- plained as follows. Solely on the basis of the OH on carbon 2 in the former, one would expect a measurable decrease in stimulating power in that isomer. On the basis of Br at 1 and 3, however, one would expect the compound to be more stimulating than its 2,3-isomer. The small difference between the measured threshold values (not statistically significant) suggests an interaction between the two position effects as might be expected. 6. Branched Chains.--The effect of substituting CH8 units for H elsewhere than on the terminal carbons is essentially that of developing a branched chain. Comparisons of branched with straight chain isomers indicate that branching tends to shorten the effective chain length and in i the simpler compounds lowers the boiling point and increases water solubility. In the alcohol series tests have been run with the following branched isomers: 1-propanol, 2-methyl; 2-propanol, 2-methyl; 2-butanol, 3-methyl; 1-propanol, 2,2-dimethyl; and 2-butanol,2-methyl. In nearly every case thresholds are higher than with the normal isomers. Taken all together the foregoing results state essentially that the length of the free alkyl group largely determines the stimulating effectiveness and that its power is modified to varying degrees by the nature of the attached polar groups. The length of the alkyl group is also of prime importance in determining the solubility characteristics of compounds of this type; hence, the same structural characteristics which decrease water solubility likewise decrease threshold.
Combined Effects of Position and

Ether and Sulfur Linkages.--Experiments with compounds containing
ether and sulfur linkages also corroborate the hypothesis regarding the importance of solubility. As was shown by a study of polyethylene and polypropylene glycols (4), the introduction of ether linkages into a carbon chain lowers the stimulating effectiveness. It was suggested by us that the reduction was related in some manner to the reduction in effective chain length consequent upon the introduction of --O--and that the longer the carbon segment between oxygen pairs the greater the stimulating effect. This idea has been examined further by determining the thresholds (1) for compounds in which one section of the carbon chain has been progressively lengthened and (2) for those in which every segment between successive oxygen atoms has been lengthened. As illustrative of class (1) two series were studied: (a) methyl, ethyl, and butyl eellosolve (Table II g ) and (b) methyl, ethyl, and butyl carbitol. In both series there is a progressive decrease in threshold as the non-polar portion of the molecule is increased. To illustrate class (2) comparative studies have been made of dimethoxymethane, methoxymethylal, diethyl ceUosolve, and diethyl carbitol (Table II h ). Comparing dimethoxymethane with diethyl cellosolve one sees that the former with one CH2 between each ---43--is less stimulating than the latter with two intermediate CH2 groups. The water solubility of the latter is slightly less. When methoxymethylal and diethyl carbitol are examined, there is less conformity to the rule. A possible explanation of the non-conformity lies in the anomalous solubility characteristics of the carbitol in terms of the rest of the series of which it is a member.
In general, sulfur linkages have the same reducing action on stimulating power as oxygen linkages, presumably for the same reasons. It would be expected, however, that the effect would be less than that produced by oxygen because of the higher molecular weight of sulfur and its .inferior solubility in water. Thus 2-mercaptoethanol is more stimulating than ethanediol. Kromofax solvent, the sulfur analogue of diethylene glycol, is more stimulating than the glycol and likewise less stimulating than 1,4-butanediol.
9. Anomalous Series.--Although the foregoing examples show, with few exceptions, that physiological activity as here measured by chemoreception exhibits greater conformity with the solubility properties of molecules than with any other, the following cases indicate that other factors demand consideration. Two homologous series were found in which the usual correspondence between solubility and chain length or boiling point was lacking. The first series consists of diethyl ether, diethyl cellosolve, and diethyl carbitol (Table IIj) ; the second, of 2,3-butanedione, 2,4-pentanedione, and 2,5-pentanedione (Table  IIi) . It is obvious that threshold values do not correlate with either boiling point or chain length. It is equally clear that the correlation with solubility is poor. These data suggest that, while solubility is of great importance, it is undoubtedly not the only factor operating in the process of stimulation. Were this so, it would be reasonable to expect that, of the two hundred or so aliphatic compounds tested to date, those possessing identical solubility characteristics should show equal stimulating efficiency regardless of the homologous series to which they belonged.
The actual degree of correlation between the effectiveness of compounds in stimulation and their solubilities in water is shown graphically in Fig. 1 , which includes all the un-ionized compounds we have tested for which satisfactory solubility data are also available. It has been necessary, of course, to omit the numerous chemicals for which rejection thresholds have been determined but which are completely miscible with water.
The data for the 46 compounds shown in the graph are fitted by the regression Both results indicate a very high degree of probability that the deviations of the threshold values about the regression are due to factors other than their errors of estimate; in other words, the threshold values for individual compounds are frequently significantly different from those which would be expected solely on the basis of the correlation between threshold and solubility in water. Efforts to identify the factors concerned are being continued.
SUMMARY
The rejection thresholds of the blowfly Phormia regina Meigen for a selected series of substituted aliphatic hydrocarbons have been determined and an analysis made of the effect on stimulation of increasing the number of like substitutions from one to two, of the interaction of different types of substituent, and of the position of the substituent in the molecule.
The order of stimulating efficiency (reciprocal of rejection threshold) of the functional groups which have been studied is: Br ~> C1 ? CH3 ? CHO > C~O ) OH. There is a consistent decrease in stimulating effect following the introduction of a second hydroxyl group. The introduction of a second C~-O has little effect. Introduction of a second halogen is generally followed by a decrease in threshold. Two different species of functional group, one of which tends to increase water solubility and the other to decrease it, tend to counterbalance each other.
A single oxygen-containing functional group on the end of the molecule or two of these groups which are terminal reduce the stimulating effect less than when one or more of such groups are subterminal or located elsewhere within the molecule. Branching of the carbon chain decreases effectiveness. Sulfur and oxygen linkages also decrease effectiveness. In general, the length of the free alkyl group largely determines the stimulating effectiveness. Its power is modified to varying degrees by the nature of the attached polar groups.
Of all chemical properties examined, solubility alone agrees consistently with the foregoing data. Threshold varies directly with the molar solubility of the compounds in water. The fact that the threshold values for individual compounds are frequently different from those which would be expected solely on the basis of the correlation between threshold and solubility in water suggests that other factors are also concerned in stimulation. These have not yet been identified.
